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Abstract— The growing global demand for clean and sustainable energy has accelerated the
deployment of photovoltaic (PV) systems as a major source of renewable power generation. As
PV installations increasingly contribute a substantial share to the electricity mix, their
integration into existing power grids presents several technical and operational challenges.
Unlike conventional generation, solar energy is inherently intermittent and dependent on
environmental conditions, leading to voltage fluctuations, frequency instability and power
quality issues. Effective grid integration of PV systems demands careful coordination between
generation, storage and distribution mechanisms. Challenges such as reactive power control,
harmonic distortion and mismatch between peak generation and load demand complicate stable
operation. With the emergence of smart grid technologies, adaptive control schemes, power
electronic interfaces and real-time monitoring have become crucial in mitigating these issues.
This paper explores the technical aspects, existing barriers and emerging solutions for
improving the grid compatibility of PV systems, with a focus on ensuring efficient, reliable and
sustainable integration into modern power networks.

Index Terms— PV, grid, FACT devices, Power quality.

1. INTRODUCTION

PV power generation is growing in India, despite the fact that solar photovoltaic cell generation is expensive due
to the initial capital costs. As part of the National Solar Mission, the Government of India provides many
incentives for solar power plants and also supports the policy regulatory structure in many states. The main
advantages of solar grid integration are increased grid efficiency, stability and less transmission & distribution
losses, etc. As a result, solar installations are carried out after a thorough survey to ensure that all necessary and
sufficient parameters are fulfilled. The integration of a solar PV system with the grid, on the other hand, has
always been difficult. The process of power transmission from renewable energy sources to the grid is known as
renewable energy grid integration.

The demand for energy in developing countries is growing at a rate of 5% each year. The geography of India
makes it an excellent choice for solar energy harvesting. India's energy demand is expected to surge in the
coming years due to its enormous population and economic activities [1]. India, as a rapidly developing nation,
is currently undergoing transformation in solar market. As of December 2020, the country's total solar installed
capacity was estimated to be 38.5 GW.
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In India, the National Solar Mission and policies have been declared, with the goal of achieving 100GW of
installed solar capacity. This sector mostly consists of major solar projects and even larger solar utilities that
produce power in a central location and deliver it to the grid. In comparison to other leading solar countries,
India's rooftop solar systems are substantially lower in comparison with overall solar installations. [2].

In recent years, the government has introduced several of the laws and programs aimed at increasing the
adoption of solar photovoltaic systems. Solar street lights and solar rooftops are now being installed in greater
numbers as a result of these efforts. PV energy systems are thus fast growing and contributing significantly in
most regions and power system. Around 99% of the installed capacity is accounted for by Grid linked PV
systems throughout the world. The battery less grid-connected PV is cost efficient and almost maintenance-free.
For grid-connected PV, batteries are not needed as the power produced is uploaded to the grid for direct
transmission, distribution and consumption. This eases the pressure on other sources that supply the grid with
electricity. The output ratio of the grid-connected PV system is calculated. The integration of PV system with
grid introduces small quantity of harmonics [3].

The solar PV energy generation is uncontrolled as it depends on solar radiations. Hence the power generation is
intermittent and inconsistent. This forces further challenges in PV integration with grid.

II: PV - GRID INTERFACE ISSUES
A. Power Quality

The power quality is most important aspect of the power system. The power quality standards are defined for
various power quality parameters like voltage distortion, sag & swell, flicker, transient, unbalance, interruptions,
harmonics, power factor etc. by IEEE and many standardizing authorities [5, 6, 7]. It is to be noted that the
power quality parameters shall be within 5%.

B. Voltage Instability

High penetration of PV can introduce voltage fluctuations and compromise power quality, especially when
inverters do not provide adequate reactive power support for voltage regulation.

C. Power Fluctuations

The intermittent nature of solar radiations causes interruptions in grid interfacing. Interruptions and power
fluctuations causes malfunctioning of protective switchgears, poor voltage regulation, reverse power flow and
hampered power quality in distribution systems. The power fluctuations can be reduced with the help of battery
storage and stabilizers. Power interruptions and fluctuations further places limit on reliability and profitability of
consumers. This also hampers the productivity and quality [8].

D. Intermittency and Variations in Energy Generation

Solar PV generation is inherently variable, depending on sunlight availability, weather, and seasonal cycles. This
often results in a mismatch between production and demand, creating challenges for grid stability and risk of
outages. The magnitude of variance is significant in case of large solar installations. This places limits on
demand — supply proportions [9].

E. Frequency Control

The frequency of the power system is determined by the balance between the load and the output power. With
frequency decreases in large interconnected networks, output power rises and vice versa. The first frequency
control line is the local governor, supplying the system with "reserve power flow". Frequency controller and
synchronizing techniques with PID control and other control algorithms are used for frequency governing.

F. Speed of variations

Not of the magnitude, but the speed of variation in power generation occurs in solar PV systems. Small rate of
variation is easily tolerated in grid system but larger rate of variation in power generation results in fast power
fluctuations [9].

G. Forecasting

PV generation is making rapid inroads in electricity grids with rapid growth. Variability and uncertainty being
the key challenges, the output power generation is subjected to variance. Forecasting helps the power
management for grid system planning to ensure reliability and consistency. For PV forecasting statistical,
physical and hybrid approaches are in practice [10, 11].
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H. Location

Depending on location, the availability of solar radiation can vary. There is significantly more solar radiation in
some locations than in other places. This will mean that the production of solar energy relies on those areas
where systems need to be installed [12]. The sizing and placement of PV panels needs to be optimized for large
installations to have maximum impact on the grid [13].

I Installation Cost

Being pollution free, solar PV installation needs to be encouraged. High setup cost gives setback for solar
installations. For solar PV systems to become competitive with fossil fuels, we must either increase their
efficiency or significantly reduce the manufacturing cost. Many researches are in progress to shift PV panel
manufacturing from silicon PV to thin film for cost cutting [14, 15].

J. Safety and Security

The solar installation requires safety procedures to be followed during installation which includes safety of
workers as well as solar panels. The safety consideration at design stage includes- safeguarding from hazards of
working with electricity, firefighting safety, signs & labeling on equipments. At installation level safety
procedures are related to use of personal protective equipments (PPE kits), handling of power tools, following
assembly and installation guidelines and location awareness.

K. Cyber Security

The cyber security challenge arises from increased digitalization, distributed assets, and new vulnerabilities that
threaten grid reliability and safety. The table 1 summarizes cyber security challenges

TABLE I: CYBER SECURITY CHALLENGES

Challenge Traditional Power Grids Renewable Energy Grids

Attack Surface Centralized, fewer endpoints Highly distributed, thousands of endpoints
Connectivity Low (air-gapped) High (IoT-connected, cloud-integrated)

Threat Profile Focus on physical sabotage Mix of cyber (ransomware, espionage) and physical
Regulatory Enforcement Mature, standardized Variable, sometimes weak or absent

III. CHALLENGES IN GRID INTEGRATION
The energy producing companies are facing challenges in grid integration of PV power pants which includes

A. Voltage Violation

The PV access bus is clearly influenced by changes in solar capacity and location, and distributed photovoltaic
generation has a significant impact on it. The voltage will change as solar capacity increases, especially when the
load demand is low and the photovoltaic output is high. The influence on PCC voltage will rise as the electrical
distance decreases. Changes in insolation under partial shade generate output power variations, which ultimately
alter system voltage [17].

B. Increased Demand Ramping

As the PV installation capacity increases, the problem of ramping becomes more apparent resulting in rising
power grid issues. At present, the PVs are permitted to inject their entire generated power into the network
without violating the network operating limits. However, to curb PV power fluctuations, the utility might either
request the PV owners to smoothen PV power output or limit PV generation.

C. Simultaneous Tripping and Re-closing

Auto reclosing is a phenomenon in which the breaker tries to reconnect the line between two points with the
delay or without delay at the time of the fault. The simultaneous tripping and reclosing may be observed in PV
based distributed energy system due to the intermittent nature of PV systems.

IV. OPPORTUNITIES

Adoption of solar photovoltaic (PV) is on the rise due to a decrease in costs for development of utility-scale solar
systems as well as their operations. Despite the decrease in costs, the ability of solar systems to ensure utilities
reduce their carbon footprints has driven the growth in their adoption. Solar PV plants allow utility companies to
line up with environmental regulations and at the same ensure that their grid systems are stable.
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A. Advanced Inverter Technologies

Modern inverters can manage both active and reactive power, enhancing voltage control and improving grid
resilience [19]. The inverter technology is shaping the future of renewable generation by improving system
efficiency, resilience and grid-friendly operation. With smart, hybrid, multilevel and Al-driven control, modern
PV inverters are integral to next-generation distributed energy landscapes [20].

B. Energy Storage Solutions

Integrating storage systems can help buffer variability and support ramping requirements, reducing curtailment
and balancing supply/demand. Energy storage elements are pivotal in providing continuous power, improving
grid stability and enabling greater self-consumption by storing surplus solar generation for cloudy periods or
nighttime use [21].

C. Sustainability and Decarbonization

Higher PV integration supports decarbonization, diversifying generation sources and reducing reliance on fossil
fuels [22].

D. Distributed Generation

Distributed PV can improve grid resilience, reduce line losses and avoid peak generation costs [23]. The
distributed generation allows independent integration of PV panels and hence improves voltage profile of the
system [24].

V. ROLE OF CUSTOM POWER DEVICES

Custom power devices (CPDs) play a crucial role in integrating renewable energy sources into the electrical grid.
These devices offer precise control over power flow and power quality by addressing the inherent challenges
associated with renewable energy sources like solar and wind. Custom power devices like Dynamic Voltage
Restorers (DVRs), Distribution Static Compensators (D-STATCOMs), and Unified Power Quality Conditioners
(UPQCs) mitigate voltage dips, flicker, and harmonics, ensuring grid operation remains within accepted
standards [25]. By providing dynamic voltage and reactive power compensation, these devices help maintain
grid stability and enhance the hosting capacity for distributed PV generation [26]. Solar generation can cause
voltage swings and harmonic distortion. Custom power devices actively manage these disturbances to avoid
damage and misoperation in sensitive grid components. Integrating digital monitoring, Al-driven diagnostics,
and real-time management tools increases fault tolerance and allows proactive power flow adjustments in
response to grid fluctuations [27]. The table 2 provides feature comparison of custom power devices applicable
for improving the performance of the grid integrated PV system.

TABLE II: COMPARISON OF CPDSs

CPD Key Function PV Grid Benefit Typical Application Unique Feature
DVR Voltage sag mitigation | Reduces outage and micro- | Industrial, utility Fast dynamic response
disturbance

D-STATCOM Reactive power | Enhances voltage profile, | Distribution grid Flexible control, quick
compensation, voltage | stability switching

Active Filter (APF) Harmonic  distortion | Suppresses  inverter/panel | Commercial, residential Adaptive filtering range
filtering harmonics

UPQC Combined voltage and | Prevents harmonics, | Sensitive loads Multi-mode filtering
current correction voltage/faults capability

VI. CONCLUSION

The PV penetration is increasing continuously. Aging grid infrastructure, inadequate smart management
technologies and the intermittency of solar production further complicate reliable PV integration, frequently
resulting in curtailment and operational inefficiencies. With technology advancements and strategic planning,
PV systems can transform power grids into resilient, sustainable backbones for the clean energy future,
demonstrating global benefits in reliability, environmental impact, and urban energy independence. The role of
custom power devices in ensuring high power quality is highlighted. A unique opportunity arises when CPDs are
coupled with energy storage or PV sources, as in UPQC configurations. These systems can inject active power
during grid faults, mitigate interruptions and support sensitive loads, thereby offering multi-functional benefits
beyond traditional compensation devices.
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